With the rapid development of the theory and algorithms for time-frequency analysis, it has already inspired some notable investigation in the context of Direction Of Arrival (DOA) estimation. In this paper, we show how time-frequency analysis can be applied in the DOA domain and achieve a higher spatial resolution. In order to combine all the relevant STFD points, the joint diagonalization technique is proposed. At the same time, our work adopts Minimum Variance Distortionless Response processor (MVDR), rather than MUSIC, to avoid the estimation of the signal subspace and noise subspace. Numerical simulations illustrate the effectiveness of the DOA estimation algorithm based on the STFDs structure and also show that under some challenging scenarios such as low SNR, coherent arrivals and few snapshots, our proposed algorithms can distinguish closely spaced sources compared with conventional methods.
INTRODUCTION
Nowadays we are witnessing a significant development of Multiple-Input MultipleOutput (MIMO) systems and techniques. In fact, multiple-antenna techniques (including Direction Of Arrival (DOA) estimation, Signal Interference Noise Ratio (SINR) improvement, spatial noise and interference suppression, and so on) have constituted the key technologies for modern array signal processing.
DOA estimation problems have long been of great research interest in a great variety of applications, such as sonar, radar, medical ultrasound imaging, wireless communication and other areas (Krim & Viberg 1996) . During the past half century, many classical techniques for DOA have been proposed, such as Conventional Beamforming (CBF), Maximum Entropy method (ME), the Maximum Likelihood method (ML), Multiple Signal Classification method (MUSIC), Estimation of Signal Parameters via Rotational Invariance Techniques (ESPRIT) and so on (Shi & Yang 2012) .
However, as applications expanded, it is noted that the problem of the DOA estimation has been solved only using space-time statistical information available on the array signals, and not exploiting the difference in the time-frequency signatures of the sources (Shi & Yang 2011) . Nowadays, the interest in accurately estimating spatial bearing parameters by time-frequency analysis grows greatly. Belouchrani In this paper, we show how time-frequency analysis can be applied in the DOA domain and achieve a higher spatial resolution. In order to combine all the relevant STFD points, the joint diagonalization technique is proposed. At the same time, our work adopts Minimum Variance Distortionless Response processor(MVDR), rather than MUSIC, to avoid the estimation of the signal subspace and noise subspace. Numerical simulations illustrate the effectiveness of the DOA estimation algorithm based on the STFDs structure and also show that under some challenging scenarios such as low SNR, coherent arrivals and few snapshots, our proposed algorithms can distinguish closely spaced sources compared with conventional methods.
PRELIMINARY KNOWLEDGE ABOUT STFDS STRUCTURE
In this section, we give a brief introduction to the STFDs structure. The concept of STFDs has been introduced by (Zhang & Mu 2001) and its applications to blind source separation and direction finding have been discussed in (Belouchrani & Amin 2013) . According to (Cohen 1995 
For simplification, assuming noise-free environment, then we obtain
where
denotes the source STFDs matrix. This representation will be extensively used in the description and implementation of the STFDs-based estimation algorithms.
DOA ESTIMATION BASED ON STFDS STRUCTURE
According to the above discussion, we can directly introduce the CBF processor and the MVDR processor into the STFD-based methods, then the STFDs-based CBF and MVDR formulations are respectively obtained
It is important to note that Eq. 
Eq. (7) is the optimization problem to minimize the following objective function
Jacobi rotations technique can be used in the joint diagonization to obtain    A , therefore, the joint diagonization problem is finally transformed into a set of Jacobi rotations, and    A can be represented by the product of a set of Jacobi rotations. (Cardoso & Souloumiac 1996) Finally the joint eigenvalue estimation is
So the STFDs-based MVDR spatial spectrum based on joint diagonalization using Jacobi rotations can be defined as
, which is corresponding to the l -th eigenvalue l  .
SIMULATION ANALYSIS
Consider a uniform linear array with 8 omni-directional sensors and halfwavelength sensor spacing. Two coherent narrowband sources in the far-field impinge on the array from DOA 3 and 10 respectively. The signal frequency is 20Hz, the total number of snapshots is 1024, and SNR is 10dB. The numerical results are shown in Fig.1 . Fig.1 (a) and (b) are the Wigner-Ville Distributions which reveal the timefrequency information of the signal. As we already noted, since the two signals are coherent, we can not distinguish the two distinct DOAs in the time-frequency plans as shown in Fig.1 (a) and (b). In Fig.1 (c) , due to the inherent Rayleigh resolution limit of CBF processor, all of CBF, STFD-CBF, and STFD-JD-CBF can not resolve the two sources, and there is only one broad peak in each spatial spectrum. Fig.1 (d) compares the spatial spectrum respectively obtained by MVDR, STFD-MVDR, and STFD-JD-MVDR, and we observe that both STFD-MVDR and STFD-JD-MVDR have two separated spatial spectrum peaks and can resolve the two closely spaced sources, while conventional MVDR can not. However, there exist some strong false peaks as indicated by the black arrows in the spatial spectrum of STFD-MVDR, which will submerse the peaks corresponding to the true sources. So under the challenging scenario of more closely spaced coherent sources, STFD-JD-MVDR has higher resolution and lower sidelobes than MVDR and STFD-MVDR. 
CONCLUSIONS
Adaptive beamforming constitutes the key technology for modern wireless communications, especially in the aspect of improving the Signal Interference Noise Ratio (SINR) or suppressing spatial noise and interference in a multiuser scenario. This paper converts NCRB and WCRB, which are both non-convex problems, respectively into SOCP form, and then makes use of the mathematical toolbox SEDUMI to solve the SOCP problems, and thus obtains the robust optimization weight vectors. Computer simulations show the algorithms' excellent performance for SOI power estimation and output SINR as compared with the standard adaptive beamforming via a number of numerical examples.
